Editor's key points † Evidence suggests that patient sex might affect recovery from general anaesthesia. † Speed and quality of anaesthetic recovery were studied in a multicentre, prospective, matched cohort study of 500 subjects undergoing general anaesthesia for elective surgery. † Women were less sensitive to general anaesthetic drugs as assessed by BIS score, emerged faster, and had worse quality of recovery compared with men. † Involvement of sex hormones such as progesterone and oestrogen is postulated as a mechanism.
A growing body of evidence suggests that patient sex is an independent factor influencing the response to general anaesthesia. 1 -3 Women appear to be less sensitive to hypnotic drugs as assessed by doses required to achieve similar hypnotic depth 4 and faster recovery times after the cessation of anaesthetic drug delivery. 5 -8 An apparent increased risk of awareness in women could in part be owing to this reduced susceptibility to anaesthetic drugs. 9 10 In addition, women are at greater risk of other adverse outcomes postoperatively. 6 8 Sex hormones are neurosteroids and, like pregnanolone, 11 have anaesthetic properties. 12 13 Increased production of progesterone during the luteal phase of the menstrual cycle 14 and pregnancy 15 16 can decrease anaesthetic drug requirements. It remains unclear if sex-related reductions in sensitivity to general anaesthesia are primarily because of pharmacokinetic (faster clearance) or pharmacodynamic (less response at equal effect site concentrations) mechanisms. 2 3 Some studies, however, have been unable to identify sex-specific differences in anaesthetic drug requirements. 17 18 Most previous studies were not specifically designed to investigate sex-related differences in general anaesthesia, instead relying upon post hoc analyses of the existing data. 5 6 8 19 In view of the incomplete and contradictory nature of previous studies, we set out to examine the effect of patient sex on requirements and response to general anaesthesia, and recovery from anaesthesia, in a matched cohort study in adults undergoing general anaesthesia for elective surgery.
Methods

Study design
After ethics committee approval and informed consent, 500 adult subjects undergoing elective non-cardiac surgery with general anaesthesia were enrolled in this matched cohort study. The study was conducted at several hospitals in Melbourne, Australia over a 5 yr period from February 2002 to May 2007. We matched each female patient to the next eligible male patient, according to age within 5 yr, American Society of Anesthesiologists (ASA) physical status score, and type of surgery. Subjects were included in the study if they were aged between 18 and 70 yr, were ASA physical status I or II, and were undergoing elective general, orthopaedic, urologic, plastic, or ear, nose or throat surgery. They were excluded if they did not receive a general anaesthetic through inhalation, were undergoing sex-specific (gynaecological or prostatic surgery), emergency or high-risk surgery, were being treated with a major tranquilizer or lithium, or had a neurological condition.
Preoperative demographic characteristics including details of medical and surgical history, smoking status, and current medications were recorded. Operative data including the type and dose of anaesthetic drugs used, airway management, adverse intraoperative events, type and extent of surgery (minor, intermediate, major), and duration of anaesthesia were recorded. Postoperative sequelae including recovery room stay, adverse events, and pain scores using a 10-point numerical rating scale were recorded.
Female subjects had their menstrual cycle history recorded, including the day of cycle on the day of surgery, cycle length, duration of menses, age of menopause and menarche, and oral contraceptive or other exogenous hormone use. To examine a possible effect of female sex hormones, waist-to-hip ratios were recorded in all subjects. Female waist-to-hip ratio is a reliable indicator of female sex hormone profile; 20 women with a lower ratio have higher concentrations of oestrogen and progesterone. 21 We defined premenopausal status as age less than 52 yr 22 and having menstrual periods. Post-menopausal state was determined clinically by permanent (.6 months) cessation of menses 23 and confirmed where possible by elevated plasma follicle stimulating hormone and low oestrogen concentrations. These criteria were validated in a random selection of 23 premenopausal and 5 postmenopausal women using blood collected for the measurement of plasma oestradiol, progesterone, luteinizing hormone, and follicle stimulating hormone. Most aspects of anaesthetic and perioperative management were left to the discretion of the anaesthetist, but all relevant data were collected. We planned to do sub-group analyses in order to ascertain whether the main study findings were consistent across the range of anaesthetic regimens used in contemporary practice. General anaesthesia was induced with either propofol or thiopental titrated to loss of consciousness and maintained using volatile anaesthesia (isoflurane, sevoflurane, or desflurane) with or without nitrous oxide. Non-depolarizing neuromuscular blocking agents, when used, were antagonized with neostigmine and atropine. End-tidal inhalation agent monitoring was done using the Datex-Ohmeda Aisys Carestation w (GE Healthcare, Helsinki, Finland), which has an accuracy of +0.2%. Bispectral index (BIS) monitoring was used to measure the hypnotic component of depth of anaesthesia, though administration of anaesthesia was not titrated to BIS. BIS measurements were made every 5 min for the first hour and then every 10 min. A time-averaged mean BIS score was then calculated for the duration of general anaesthesia. Intraoperative age-adjusted minimum alveolar concentration (MAC age ) was determined using the following nomogram: 24 MAC age = MAC 40 × 10 −0.00269(age −40) where MAC 40 represents MAC at age 40. The total age-adjusted MAC for volatile agents used in each patient (k total ) was determined by the formula:
where F E,volatile is the end-expired concentration of the volatile agent used and F E,N 2 O is the end-expired concentration of nitrous oxide.
Cessation of administration of general anaesthesia was timed for the subject to emerge from anaesthesia after final wound closure. Emergence from anaesthesia was timed from the completion of wound dressing (¼time 0) and included the time to spontaneous eye-opening, time to obeying commands, and the time spent in the recovery room (until eligible for discharge to the surgical ward).
Quality of recovery was assessed on each of the first 3 days after surgery using the 40-item quality of recovery (QoR-40) score 26 -28 completed during recovery. The QoR-40 encompasses most aspects of a good quality of recovery after surgery and anaesthesia, consisting of five dimensions (physical comfort, emotional state, physical independence, psychological support, and pain). The QoR-40 score ranges from 40 (extremely poor quality of recovery) to 200 (excellent quality of recovery).
Definition of outcomes
The main study outcomes were: (i) quality of recovery, using the QoR-40 and verbal rating pain scores, and (ii) speed of recovery, using time to eye-opening, time to obeying commands, and time spent in the recovery room. The sample size was calculated to detect an 8% (SD 20%) improvement in the QoR-40, with a type I error of 0.05 and a type II error of 0.2 for which we needed to enrol at least 111 patients per group. Allowing for dropouts and to account for sub-group analyses, we planned to enrol 500 subjects (250 females, 250 males).
Statistical analysis
Descriptive statistics are expressed as number (%) or mean (SD). Differences between women and men were examined Effect of patient sex using Student's t-test, Mann -Whitney U-test, x 2 test, or repeated analyses of variance, as appropriate. Sex differences in recovery times were plotted as Kaplan-Meier curves. Cox proportional hazards were used to adjust for covariates in order to identify the effects of age and sex on the pattern of recovery. The hazard ratio derived was denoted as a positive event and referred to as the recovery ratio. Thus, a recovery ratio greater than 1.0 indicates an increased likelihood of faster recovery. Spearman rank correlation (r) was used to examine the association between measured sex hormone concentrations and patterns of recovery. All analyses were performed using STATA/MP v10 (Stata Corporation, College Station, TX, USA). P,0.05 was considered statistically significant.
Results
Male and female subjects had comparable demographic and perioperative characteristics including age, ASA physical status, and type and extent of surgery (Tables 1 and 2 ).
Male subjects were heavier and taller than their female counterparts, and reported a lower incidence of previous history of postoperative nausea and vomiting (PONV) and motion sickness (Table 1) . Despite similar doses of drugs used to induce anaesthesia and similar age-adjusted MAC of inhaled agent administered for the maintenance of anaesthesia, the average BIS score of women was slightly higher than that of men (Table 2) . Women emerged faster than men from general anaesthesia as reflected by times to eye-opening and obeying commands after cessation of anaesthesia (Table 3 ). This was also reflected by higher BIS scores at the completion of wound dressing (Table 3) . However, despite a faster speed of recovery, women had higher pain scores, higher incidence of adverse sequelae such as shivering and PONV, and delayed recovery room discharge times (Table 3 ). The adverse effects continued in the days after surgery, with poorer quality of recovery as reflected in the postoperative QoR-40 and pain scores in the 3 days after surgery (Tables 4 and 5 respectively (P,0.05). When correlated to plasma oestrogen and progesterone concentrations adjusting for subject age and anaesthetic dose (Table 6 ), only eye-opening time was negatively correlated to plasma progesterone (r¼ 20.53, P¼0.01). When patient waist-to-hip ratio was examined, adjusting for subject age and anaesthetic dose, eye-opening time, time-to-obeying commands, and quality of recovery Day 1 (QoR day 1) were significantly correlated to waist-to-hip ratios (Table 7) . Premenopausal women had lower average intraoperative BIS scores relative to postmenopausal females with and without adjustment for age and ASA, but higher than that of age-matched males (Table 7) . In terms of recovery from general anaesthesia, premenopausal women woke faster, 4.9 (3.2) vs 6.7 (4.0) and 7.7 (4.0) min; P,0.005 (Fig. 1) and were obeying commands quicker, 6.3 (7.0) vs 8.5 (8.0) and 8.2 (5.0) min; P,0.005 (Fig. 2) than postmenopausal women and men, respectively. These faster recovery times persisted after adjusting for age, ASA physical status, smoking history, daily alcohol intake, use of neuromuscular blocking agents, and extent of surgery (Table 8) . Duration of recovery room stay was not significantly different between the two groups of women, but was longer when (Fig. 3 ).
Discussion
We found that patient sex is an independent factor influencing both responsiveness to general anaesthesia and recovery after anaesthesia. After matching subjects in our cohort for age, ASA physical status, type and extent of surgery, and other factors known to influence recovery, and adjusting for anaesthetic drug concentration, sex-related differences existed for several features of general anaesthesia maintenance and recovery. Contrary to some suggestions, 29 our findings suggest that these sex-related differences extend beyond a theoretical interest to encompass factors deemed clinically important to both anaesthetists and their patients. The apparently small (2-3 min) difference in recovery time for consciousness between women and men is of comparable size to that seen when comparing inhalation agents such as isoflurane and sevoflurane. 30 Although similar anaesthetic and opioid doses were needed to induce and maintain general anaesthesia, women generally had lighter anaesthetic states as reflected by slightly higher intraoperative BIS scores. The lighter hypnotic state continued up until the time of application of wound dressings and can explain the faster initial recovery times in women. Higher BIS scores at equivalent concentrations of general anaesthesia suggest that women are less sensitive to the hypnotic effects of anaesthetics, reinforcing previous findings, 8 and helping to explain why female sex might be a risk factor for awareness. 9 10 The underlying mechanisms for this are less clear. Differences in pharmacokinetic action of anaesthetic drugs due to physiological differences between the sexes cannot account for all of these discrepancies. 1 2 Our findings, including the observed association between plasma progesterone concentrations and recovery time, suggest that sex-related differences in response and recovery from general anaesthesia are, at least in part, pharmacodynamic in nature. Despite experiencing faster emergent times, the overall rate and quality of recovery from general anaesthesia for women was poorer than that of men. Longer recovery room stays, higher pain scores, and increased rate of PONV were observed and consistent with previous studies. 19 31 32 Moreover, women also had poor quality of recovery for the 3 days after surgery and general anaesthesia. The sex differences were more persistent in premenopausal women, with differences apparent on the third postoperative day in this group but not in postmenopausal women. This indicates that patient sex is an important factor influencing not only rate but also the quality of recovery from general anaesthesia. A 10-point difference in the QoR-40 score is typical of that seen in patients with and without a major complication after surgery, or when comparing minor with major surgery. 26 -28 Sex hormones appear to play a role in modulating sexrelated differences in general anaesthesia and postoperative recovery. When the subjects were subdivided into three groups according to oestrogen status, progesterone status, or both, premenopausal women differed not only from agematched men in terms of their response to general anaesthesia and recovery from anaesthesia, but also differed when compared with postmenopausal women. Faster recovery was observed in premenopausal women, yet interestingly, lighter states of anaesthesia were observed in postmenopausal women. Correlations between female sex hormone concentrations and recovery times indicate potential anaesthetic drug interactions of these hormones. Our findings are consistent with earlier studies using volatile anaesthetics in animal models 33 and human volunteers, 34 including the capacity to induce sleep. 12 Lower progesterone concentrations in postmenopausal women could explain the lighter states of anaesthesia measured by intraoperative BIS scores seen in postmenopausal when compared with premenopausal women. Interestingly, female waist-to-hip ratio, which more accurately reflects chronic effects of oestrogen and progesterone, was also correlated with recovery times, further supporting a role of female sex hormones in the recovery from general anaesthesia. Oestrogen, progesterone, and androgen receptors have been identified in mammalian brain and possess actions distinct from reproductive behaviour and function. 35 Progesterone and its metabolites, in particular, have hypnotic effects that are thought to occur via direct action on the GABA A receptor complex. 34 35 Oestrogen, however, has the opposite effect by suppressing GABA A receptor-mediated inhibition. 34 36 Unlike progesterone, oestrogen increases Sex-based differences in nociception could explain the differences in both the depth of anaesthesia and recovery from anaesthesia. This suggests differences in the neuronal circuitry involved in pain perception between sexes. 39 Oestrogen and progesterone are thought to play a role by influencing excitability in both the brain and spinal cord. 40 As the state of general anaesthesia appears to be dependent on drug effects at different receptor types in the brain and spinal cord, it is possible that altered modulation of these receptors by sex steroid hormones could explain some of the sex-related differences seen during and after general anaesthesia and surgery. Determining the effect of different concentrations of oestrogen and progesterone, and different stages of the menstrual cycle, on the response to and recovery from general anaesthesia warrant further investigation. There are several limitations to our study. Eligible patients were recruited only when research staff were available, and with the aim to match men and women. We excluded patients who received total i.v. anaesthesia. These steps might limit general validity of our study. We did not confirm menopausal status with hormone assays in all participants, although this is not required to define menopause. 41 Misclassification is possible but unlikely to bias the study. Although end-tidal concentrations of volatile agents were recorded at the time of cessation of general anaesthesia, concentrations at the time of emergence were not. This limited our ability to discriminate between pharmacokinetic and pharmacodynamic effects in nature. However, given the similarity between the groups studied in terms of subject characteristics and doses of drugs used, pharmacodynamic differences seem the most plausible explanation.
In conclusion, patient sex is an independent factor influencing both state of general anaesthesia and recovery from general anaesthesia. Women wake faster from general anaesthesia than men, suggesting an apparent resistance to the hypnotic effect, but their overall rate of recovery is slower because of more pain, PONV, and diminished quality of recovery, consistent with a pharmacodynamic rather than pharmacokinetic effect. The female sex hormones progesterone (in particular) and oestrogen may be contributing to these sex-related differences.
